Abstract. In certain patients with advanced colorectal cancer, loss of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) activity is observed. PTEN is a major gatekeeper gene of the AKT serine/threonine kinase (AKT) signaling pathway responsible for the proliferative activity of cells. The assessment of AKT activity may be a prognostic factor or a predictor of response to the targeted therapies against particular signaling proteins. To precisely identify the cause and the place of the pathway deregulation, it is necessary to identify phosphorylation states and concentrations of several proteins located at different levels of the regulatory cascade. In the present study, we propose the simultaneous use of specific antibodies conjugated with different quantum dots to highlight the nature of AKT/PKB cascade deregulation in patients with colorectal cancer and the loss of PTEN expression in tumor tissue. Fifty patients with colorectal cancer of no specific location were enrolled in the study. The expression of the PTEN protein, and concentrations of phosphorylated/activated forms of 3-Phosphoinositide-dependent kinase 1 (PDK1) and AKT were assessed using quantum dot-conjugated antibodies. In patients with a diminished or complete loss of the PTEN expression in the tumor tissue increased levels of activated/phosphorylated forms of PDK1 (Phospho-PDK1-Ser241) and AKT (Phospho-AKT-Thr308) proteins were found, which are responsible for the permanent activation of the phosphoinositide 3-kinase/AKT/PTEN signaling pathway in certain cases of colorectal cancer.
Introduction
Much evidence demonstrates dysregulation in the PI3K/AKT signaling pathway in colorectal cancer (CRC) (1) . It seems that in some cases activation of AKT downstream is an initial step in the development of CRC. On the other hand, PI3K/AKT activation is found in more advanced stages of CRC carcinogenesis, which in many cases is caused by PTEN protein loss or downregulation.
Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is an important suppressor gene. Protein product of the PTEN gene is a dual-specific phosphatase which plays a crucial role in the signal transduction from the membrane receptors to the intracellular downstream cascades. Its role in the development of many cancers was doubtlessly confirmed with a mechanism of action via the catalysis of phosphate detachment from (3-5)-tri-phospho-inositol (PIP3) in the PI3K/AKT signaling pathway (2, 3) .
In our previous studies we demonstrated that PTEN activity may be diminished as early as in the phase of an intestinal glandular polyp and is frequently observed in CRC (4, 5) . These observations justify the following questions: How much the loss of PTEN activates AKT signaling and how it is reflected in the levels and states of its signaling protein members.
This problem is very important in the context of cytotoxic therapy in CRC which is administered concurrently with directed therapy aimed to compensate molecular disturbances in the activity of the PI3K/AKT/PTEN pathway. Identification of the characteristic pattern of signaling protein expression and phosphorylation states could be a predictive marker for target therapies based on specific signaling kinase inhibitors. The simultaneous quantitative or at least semi-quantitative assessment of many proteins with preservation of information about their spatial location is within the interest of the system biology. Unfortunately, it suffers from a lack of appropriate methodology to achieve these goals. Some hope with severe restrictions is placed on immunofluorescence techniques. However, it is possible to visualize only 3-4 proteins with these methods. Significantly greater possibilities are connected with the use of antibodies conjugated with semiconducting quantum dots (QDs) which are within the interest of nanotechnology.
Assessment of PI3K/AKT/PTEN signaling pathway activity in colorectal cancer using quantum dot-conjugated antibodies
Quantum dots are semiconducting nanocrystals sized 2-10 nm which became a promising research, diagnostic and possibly therapeutic tool due to their unique possibilities of light absorption and emission in the process known as the quantum confinement effect. By changing the composition and/or the size of QDs emission spectrum may be freely modified starting from ultraviolet (UV) to infrared (IR). Simultaneously QDs are characterized by a very broad absorption spectrum and a narrow emission spectrum, which allows synchronic excitation of several QDs by the light of the same wavelength. Due to all these properties, QDs could be used in the precise detection of a plethora of biomolecules such as nucleic acids, carbohydrates, enzymes and antibodies (6) (7) (8) .
The aim of the present study was to visualize dysregulation of signaling protein members of PI3K/AKT/PTEN pathway in CRC in response to the loss of activity of its major suppressor that is PTEN using QD-conjugated antibodies. In the future perspective the presented method could be utilized in visualization of subtle changes of concentrations and activation states of crucial regulatory proteins in other signaling cascades which are important in oncogenesis.
Materials and methods
Study group. A total of fifty patients diagnosed with adenocarcinoma of the large intestine after major surgery were enrolled in the study. Clinico-pathological characteristics of the study group are presented in Table I . Immediately after the excision intestinal biopsy samples with tumors were fixed in neutral buffered formalin with the addition of commercially-available pan-phosphatase inhibitor PhosSTOP (Phosphatase Inhibitor Coctail tablets; Roche, Mannheim, Germany). Preparations were dissected longitudinally to ensure quick penetration of the fixative to the tumor tissues. During the grossing process the representative tumor samples were taken by the pathologist then dehydrated and embedded in paraffin.
Preparing QD-conjugated antibodies. During QD-conjugation of antibodies commercially-available reagent kits were used (QDots Antibody Labeling kit, Molecular Probes; Invitrogen, Carlsbad, CA, USA). Quantum dots with maxima of emission located at 525, 565 and 585 nm were utilized in the present study. The procedure of antibody labeling was carried out according to the manufacturer's instructions and consisted of the following five steps: i) Antibody concentration and buffer exchange in order to eliminate other proteins as well as azide ions used as an antibody preservative, ii) modification of the carbohydrate domain of the antibody using galactosidase enzyme, iii) azide domain connection to the modified antibody, iv) purification of the activated antibody amd v) conjugation of the activated antibody with QD molecule using dibenzo-cyclo-octane (DIBO) residue as an interconnector.
Final concentration of the conjugated antibodies was estimated to be about 1 mg/ml according to the manufacturer's specifications assuming 2 µmol/l molarity of the obtained conjugate (9) .
Immunofluorescence. Formalin-fixed paraffin-embedded tumor samples were cut with a microtome into 5 µm-thick histological sections and fixed on microscope subject glasses.
The slides were rehydrated in xylene, graded alcohols and finally in phosphate-buffered saline (PBS). Next the process of antigen retrieval was carried out in citric buffer for 30 min in a microwave oven. Finally, the remains of citric buffers were washed out using PBS and the slides were exposed to QD-labeled antibodies. In order to demonstrate the concentration and spatial location of subject proteins (PTEN, phosphorylated PDK1 and partially-phosphorylated AKT) specific QD-labeled monoclonal antibodies were used. The brief characteristics of the used antibodies and their concentrations are presented in the Table II. Incubation of the tumor sections with primary antibodies was performed for 12 h in a humidified chamber in the fridge at the temperature of 6˚C. After the incubation antibody solutions were washed out with PBS and the preparations were mounted with fluorescence-preserving mounting medium dedicated to QDs (Qmount Qdot Mounting Medium; Invitrogen). Fluorescence signal measurement was made in a region-based manner. At least 20 manually selected points corresponding to submembrane or cytoplasmic regions of individual neoplastic Ethical approval. The present study was conducted in accordance with the guidelines of the Declaration of Helsinki and its subsequent amendments, and informed consent was obtained from all patients. Project of the study was approved by institutional review board of the Medical University of Silesia, Katowice (approval no. KNW/0022KBI/178/09).
Results
In the cases with a complete loss or a diminished expression of the PTEN protein (defined as pixel values of PTEN immunofluorescence less than median) fluorescence signals corresponding to phospho-PDK1 (Ser241) and phospho-AKT (Thr308) were higher than in the group with normal PTEN expression (above median; t-Student test P=0.002 and P=0.01 respectively). Maxima of fluorescence signals corresponding to phospho-PDK1 and phospho-AKT were localized in a submembrane cellular compartment and were colocalized with each other (Fig. 1) . We also found a positive correlation between fluorescence signals corresponding to phospho-PDK1 and phospho-AKT (R= 0.65 P= 0.047) as well as a negative correlation between PTEN signal and the above-mentioned signaling proteins (R=-0.47, P=0.05; and R=-0.51, P=0.055, respectively) in the group of all the examined samples. The summary of the obtained results is presented in Table III .
Discussion
A dynamic development of imaging techniques utilizing QDs in medicine and biological sciences has been observed since the end of the 20th century, especially from the moment of the first synthesis of water-soluble QDs with biologically-active coating molecules. Since then QDs with adequately modified surface have been used in labeling of cell surface and intracellular structures in live cells or fixed specimens. Unique features of QDs connected with wideband excitation spectra and a narrow emission of excited light allowed to use their functionalized conjugates in detection and visualization of virtually all biomolecules, cells and tissues both in vivo and in vitro. In medicine QDs are seen as modern markers which could be used to visualize and track spreading of neoplastic cells or viruses in the human body (7, 10, 11) . Quantum dots also possess a therapeutic potential in oncology (12, 13) . It seems that QDs are more precise and stable markers than widely used organic chromogens (6) . By increasing the diameter of the core of the QD the wavelength of emitted light can be increased. Based on this phenomenon, a broad range of QDs with different spectral characteristics can be easily synthesized in one technological process. Using a single monochromatic excitation source all of these QDs can be excited producing fluorescence light from UV to IR in narrow, non-overlapping bands eliminating the problem of cross-talk between channels (6).
PTEN expression --------------------------------------------------------------------------------------------------------------------------------------
In life sciences the following are used in fluorescence microscopy: Cadmium selenide (core) and cadmium sulfide (shell) QDs (CdSe/ZnS) with emission between 450-650 nm. The second type of QDs with emission of longer wavelengths between 500 and 750 nm are cadmium telluride QDs (CdTe) (6, 8) . Broad absorption spectra of QDs allow at the same time to effectively excite them using single light source emitting in the range of UV, violet or blue light equipped with a short-pass excitation filter. Simultaneously, a narrow emission spectrum with almost arbitrary shaping of its width and placement within both visible and IR light allows creating many non-overlapping acquisition channels with the aid of standard single-band interference emission filters with a bandwidth of 20 or 40 nm. In the present experiment only three simultaneous channels were used, however it confirms the concept in the field of bioimaging of protein concentration and activation state with preserving information about their spatial location in single cells.
Many cancers possess elevated levels of PtdIns(3,4,5)P(3), the second messenger that induces activation of the protein kinase PKB/AKT and thereby stimulates cell proliferation, growth, and survival. The importance of this pathway in tumorigenesis has been highlighted by the finding that PTEN, the lipid phosphatase that breaks down PtdIns(3,4,5)P(3) to PtdIns(4,5)P(2), is frequently mutated in human cancer. Cells lacking PTEN possess elevated levels of PtdIns(3,4,5)P(3) correlated with PKB activation (14, 15) .
3-Phosphoinositide-dependent kinase 1 (PDK1) is the first node of the PI3K/AKT/PTEN signal cascade and is required for activation of AKT. PIP(3) recruits PDK1 and AKT to the cell membrane through interactions with their pleckstrin homology domains, allowing PDK1 to activate AKT by phosphorylating it at residue threonine-308 (16) .
It was demonstrated in breast cancer patients that increased PDK1 copy number is associated with upstream pathway lesions (ERBB2 amplification, PTEN loss, or PIK3CA mutation), as well as patient survival. The examination of an independent set of breast cancers and tumor cell lines derived from multiple forms of human cancers also found increased PDK1 protein levels associated with such upstream pathway lesions. In human mammary cells, PDK1 enhanced the ability of upstream lesions to signal to AKT, stimulate cell growth and migration, and rendered cells more resistant to PDK1 and PI3K inhibition (17) .
The role of PTEN in the CRC pathology has been postulated by many authors. The loss of PTEN expression is postulated to be an early event in CRC carcinogenesis which is described as early as in precancerous lesions-large intestine adenomatous polyps (adenomas) (4) and its frequency increases in more advanced stages (5) . An association between PTEN status and histological grade, tumor size and clinical outcome was also demonstrated by other authors (18) (19) (20) .
In our present experiment we tried to assess the functional state of the top-most elements of PI3K/AKT/PTEN pathway in CRC. They include gate-keeping, pacemaker gene PTEN and its two effector proteins PDK1 and AKT.
In the analyzed samples of large intestine adenocarcinoma we found that a lower concentration of PTEN in the cytoplasm neighboring the cell membrane correlates with the accumulation of activated by phosphorylation forms of downstream signaling proteins: Phospho-PDK1-Ser241 and phospho-AKT-Thr308. This observation is indirect evidence of tri-phosphatydyl-inositol (PIP3) concentration due to the loss of phosphatase activity of PTEN in cancer cells described by other authors as separate observations. To our best knowledge, this is the first report demonstrating the above-described changes concomitantly in the same cellular compartments of cancer cells as a response to the loss of PTEN activity.
In patients with a diminished or complete loss of the PTEN expression in the tumor tissue we found increased levels of activated/phosphorylated forms of PDK1 (Phospho-PDK1-Ser241) and AKT (Phospho-AKT-Thr308) proteins which are responsible for a permanent activation of the PI3K/AKT/PTEN pathway in some cases of CRC.
Application of QDs in fluorescence bioimaging is a more flexible and precise method in comparison to the traditionally utilized organic chromophores. Due to their unique properties QDs form a new class of optical markers successfully applied in life sciences imaging with specific antibodies allowing simultaneous visualization of location, concentration and activity states of specified signaling proteins in cellular compartments. 
